Understanding the mechanisms underlying the bystander effects of low doses/low fluences of low-or high-linear energy transfer (LET) radiation is relevant to radiotherapy and radiation protection. Here, we investigated the role of gapjunction intercellular communication (GJIC) in the propagation of stressful effects in confluent normal human fibroblast cultures wherein only 0.036-0.144% of cells in the population were traversed by primary radiation tracks. Confluent cells were exposed to graded doses from monochromatic 5.35 keV X ray (LET ;6 keV/lm), 18.3 MeV/u carbon ion (LET ;103 keV/lm), 13 MeV/u neon ion (LET ;380 keV/lm) or 11.5 MeV/u argon ion (LET ;1,260 keV/ lm) microbeams in the presence or absence of 18-aglycyrrhetinic acid (AGA), an inhibitor of GJIC. After 4 h incubation at 378C, the cells were subcultured and assayed for micronucleus (MN) formation. Micronuclei were induced in a greater fraction of cells than expected based on the fraction of cells targeted by primary radiation, and the effect occurred in a dose-dependent manner with any of the radiation sources. Interestingly, MN formation for the heavy-ion microbeam irradiation in the absence of AGA was higher than in its presence at high mean absorbed doses. In contrast, there were no significant differences in cell cultures exposed to X-ray microbeam irradiation in presence or absence of AGA. This showed that the inhibition of GJIC depressed the enhancement of MN formation in bystander cells from cultures exposed to high-LET radiation but not low-LET radiation. Bystander cells recipient of growth medium harvested from 5.35 keV X-irradiated cultures experienced stress manifested in the form of excess micronucleus formation. Together, the results support the involvement of both junctional communication and secreted factor(s) in the propagation of radiation-induced stress to bystander cells. They highlight the important role of radiation quality and dose in the observed effects. Ó 2013 by INTRODUCTION Recently, the traditional dogma that the important biological effects of radiation arise from changes induced solely in directly irradiated cells (targeted effect) has been challenged by the observation that similar effects can also be seen in nonirradiated cells, a phenomenon known as the bystander effect (1) (2) (3) (4) (5) (6) . Bystander studies have been carried out using microbeam and broad-beam irradiators capable of delivering low-or high-linear energy transfer (LET) radiation, co-culture approaches and the method of transferring growth medium from irradiated cells to bystander cells (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Specifically, microbeams have the ability to deliver doses of ionizing radiation (IR) to selected individual cells or subcellular targets (6, 7, 10, 11, (14) (15) (16) .
Radiation-induced bystander effects were clearly identified in 1992 by Nagasawa and Little when they observed that 20-40% of the cells in cultures wherein only 0.1-1% were traversed by an a-particle track exhibited excess sister chromatid exchanges (1). These results indicated that the cross section for inducing chromosomal damage by a particles was much larger than the nucleus or the cell itself. These findings were subsequently confirmed with a variety of biological endpoints such as cell killing, micronucleus (MN) formation, mutation, cell cycle arrest, oncogenic transformation, and changes in the levels of mRNA and proteins (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . The bystander effect has been observed in different types of cells exposed to various radiations. Both high-and low-LET radiation have been shown to induce a bystander response (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . However, the observations were not universal. In experiments involving human fibroblasts and transfer of growth medium, there was a lack of bystander effect being detected after low-LET irradiation but a significant effect being observed after high-LET irradiation (18) . However, it is still unclear whether the bystander effect is likely related to radiation quality, cell type and/or the biological endpoints studied.
Several processes have been examined to elucidate the mechanisms underlying radiation-induced bystander effects. Gap-junction intercellular communications (GJIC), secreted diffusible factors released from irradiated cells, oxidative metabolism have all been advocated as mediators of bystander responses (1) (2) (3) (4) (5) (6) (7) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Among the different processes, direct evidence was generated for participation of GJIC (21) . Junctional communication mediates propagation of stressful effects among irradiated cells and between irradiated cells and bystander cells (19) (20) (21) (22) (23) (24) (25) . However, it remains undefined whether the GJIC-mediated propagation of a stressful effect in bystander cells is dependent on radiation quality (i.e., LET).
Gap junctions are dynamic structures that are critical for diverse physiological functions (26) . The intercellular channels that comprise gap junctions are formed by connexins. Each of the 20 isoforms of connexin forms channels with distinct permeability properties. By allowing direct intercellular transfer of cytoplasmic molecules, they provide a powerful pathway for direct molecular signaling between neighboring cells. Although the properties of channels formed by each isoform differ, connexin pores are generally considered to allow permeation of molecules up to 1,000 Da, well above the size of most second messengers (26) . In the current study, we investigated the effect of cell-cell communication by gap junctions on the induction of DNA damage in confluent human fibroblast cultures using various types of microbeams delivering radiation with LET ranging from ;6 to 1,260 keV/lm.
MATERIALS AND METHODS

Cell Culture
Early passage (passage 6-10) normal human skin fibroblasts (NB1RGB: cell no. RCB0222) were obtained from the RIKEN BioResource in Japan. The cells were cultured in Eagle's minimum essential medium (MEM: NISSUI Pharmaceutical, Japan) containing 10% fetal bovine serum (FBS: Hyclone, ThemoFisher Scientific) in a humidified atmosphere of 95% air/5% CO 2 at 378C.
X-Ray Microbeam Irradiation
Monochromatic X-ray microbeam irradiation was performed using the synchrotron X-ray microbeam irradiation apparatus installed at the BL-27B station in the Photon Factory, High Energy Accelerator Research Organization (KEK) in Tsukuba, Japan. The beam characteristics, biological irradiation procedures and dosimetry have been described (27, 28) . Using this system, the cells were seeded, 2 days prior to irradiation, at a density of ;5 3 10 6 cells/dish into specially designed microbeam dishes consisting of an acrylic resin ring of 36 mm in diameter and a 7.5 lm thick polyimide film on the bottom (Fig. 1A) . At the time of irradiation, the cells were confluent, therefore allowing direct communication through gap junctions. About 95% of the cells were in the G 1 /G 0 phase as analyzed by flow cytometry (data not shown), which eliminates complications in interpreting the results due to different effects being induced in cells at different phases of the cells cycle (29) . Irradiation was carried out using the 256 (16 3 16) cross-strip method with a beam area of 20 3 20 lm (Fig. 1B) . In our experiments, we re-used the acrylic resin ring and base after thorough washing and sterilization; only the polyimide film is disposable.
In this study, we did not specifically target the cell nucleus or cytoplasm because it has been reported that both nuclear and cytoplasmic irradiation are able to generate bystander responses (4-7). Sample microbeam dishes (containing MEM growth medium) were placed horizontal on the irradiation stage and the position of the irradiated area in the center of the microbeam dishes was determined automatically using a computer-controlled irradiation stage and a cooled charged coupled (CCD) camera (27) . The exposure rate was measured with a specially designed free-air ionization chamber (28) . When irradiated with a beam size of 20 3 20 lm as shown in Fig. 1 , around 0.036-0.144% of the total cells attached on the bottom of the microbeam dishes are hit by radiation. The irradiations were performed at room temperature under ambient conditions and the exposure time varied from 5 to 25 min depending on the dose. Control samples were handled in parallel but were sham irradiated.
In experiments conducted with 20 3 20-lm X-ray microbeams, the X-ray energy was mostly absorbed by the targeted area within the cell nucleus and/or cytoplasm. Under these conditions, the absorbed dose D (in Gy) for NB1RGB cells (Table 1) was calculated from the exposure, X (in C/kg) according to the following equation; D ¼ X 3 W=e 3ðl en =qÞ NB1RGB =ðl en =qÞ air Where l en /q is the mass energy deposition coefficient (m 2 /kg); W, the energy required to generate an ion pair and e, the elementary electric charge. We considered the value of l en /q in soft tissue for NB1RGB cells (28) . The energy of the X ray was 5.35 keV and the exposure rate was ;7.7 3 10 À3 C kg À1 s À1 (9.3 3 10 3 photon s À1 100 lm À2 ), as measured with an AXUV-100 absolute XUV silicon photodiode (International Radiation Detectors Inc., Torrance, CA).
Heavy-Ion Microbeam Irradiation
The heavy-ion microbeam facility of Takasaki Ion Accelerators for Advanced Radiation Application (TIARA) at Japan Atomic Energy Agency (JAEA) was used to deliver precise numbers of 18.3 MeV/u carbon ions, 13 MeV/u neon ions or 11.5 MeV/u argon ions with corresponding LET values in liquid water of ;103 keV/lm, ;380 keV/lm and ;1,260 keV/lm, respectively. The beam characteristics and dosimetry of heavy-ion microbeam irradiations have been described previously (22, 30) . Briefly, particles traversing the film of the dish were detected by plastic scintillator and photomultiplier tube installed in an inverted microscope below the vertical beam line. The energy spectra of the detected ions were measured with a multichannel analyzer by analyzing the pulse height of the scintillation signals. The number of ions having traversed the sample was counted with a constant fraction discriminator coupled to a preset counter (22, 30) .
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microbeam irradiation, an 8 lm thick polyimide film was floated on the membrane surface and the media was removed to keep the cells hydrated during irradiation and to prevent microbiological contamination due to exposure to room air, which was for less than 20 min depending on the dose and type of radiation. A total of 256 (16 3 16) points within a 15 3 15 mm area in the center of the microbeam dishes were irradiated using a microbeam spot of 5 lm in diameter (Fig. 1B) . Within each spot, when one traversal of carbon ion, neon ion or argon ion (equivalent to 0.05, 0.2 and 0.6 Gy, respectively) was delivered (Table 1) , the fraction of cells in targeted by a primary ion in the exposed populations was estimated to be 0.036-0.144%. Therefore, under these conditions, the vast majority of the cells could be considered as nondirectly targeted cells (i.e., presumably bystanders) and the contribution of effects induced in cells hit by a primary particle to the overall response of the exposed cultures should be negligible.
Immediately after irradiation, fresh growth medium was added to the microbeam dishes, and the cultures were incubated at 378C in 95% air/5% CO 2 humidified atmosphere. The absorbed dose (Gy) by NB1RGB cells due to a traversal by any of a number of ions through a single target cell (Table 1) 
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In all of the experiments, sham-irradiated cells were subjected to exactly the same manipulations as the irradiated cells. The exposure time varied from 7 to 20 min depending on the radiation dose.
Micronucleus Formation
The fraction of micronucleated cells in the exposed cultures was assessed using the cytokinesis block technique (31) . Briefly, at 4 h after irradiation, irradiated cell populations and their respective controls were subcultured and ;3 3 10 4 cells were seeded in chamber flaskettes (Nalgene Nunc, Rochester, NY) and allowed to grow in the presence of 2 lg/ml cyctochalasin B (Sigma, St. Louis, MO). After 72 h incubation at 378C, the cells were rinsed in phosphate buffered saline (PBS), fixed in ethanol, stained with Hoechst 33342 solution (1 lg/ml in PBS) (Molecular Probes, Eugene, OR) and viewed under a fluorescence microscope (Zeiss Axioplan2 imagine, Germany). At least 500-1,000 cells were examined for each data point, and only micronuclei in binucleated cells were considered for the analysis. At the concentration used, cytochalasin B was not toxic to NB1RGB cells (Figs. 2 and 3) .
Inhibition of Gap Junction Communication
We dissolved 18-a-glycyrrhetinic acid (AGA) (Sigma, St. Louis, MO), a reversible inhibitor of gap junction communication, in dimethyl sulfoxide (DMSO) and added the mixture to cell cultures at a nontoxic concentration (50 lM), 30 min prior to irradiation. Immediately after irradiation, fresh growth medium containing AGA 
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was added to the dishes and the cultures were then incubated in a 95% air/5% CO 2 humidified incubator at 378C until they were trypsinized 4 h after irradiation and assayed for MN formation. Control cell cultures were incubated in growth medium containing the dissolving vehicle.
Transfer of Growth Medium
The protocol described by Mothersill and Seymour was used (12, 13) . Confluent NB1RGB fibroblasts were irradiated with the equivalent dose of 0.4 Gy from 5.35-keV monochromatic X-ray microbeam at the KEK. The irradiation procedure has been described in detail previously. After irradiation, irradiated cells were returned to the incubator at 378C. Within 4 h postirradiation, the culture medium was collected and passed through a 0.2-lm filter with low-protein binding characteristics (Millipore, Ireland) to remove floating cells and cellular debris. This cell-free filtrate was considered to be conditioned medium and was transferred to nonirradiated cell cultures. The cultures were incubated for 4 h and MN formation was examined as described above. Control cells received either fresh medium or conditioned medium from a nonirradiated donor dish. There was no significant difference between these control groups (data not shown). 
Monte Carlo Track Structure Simulations
The complex succession of events that follows the irradiation of matter is stochastic in nature. Therefore, the software Relativistic Ion Tracks (RITRACKS) is a Monte Carlo simulation code used to simulate radiation tracks for heavy ions and electrons in matter (32, 33) . In principle any ion track can be simulated if the energy is within the range of which the cross sections for interactions of primary particles and secondary electrons with target molecules are known. The RITRACKS program is used to simulate the so-called physical and physicochemical stages of the radiolysis of water (34). The ion is followed on an event-by-event basis, calculating all ionization and excitation events produced and recording the position of the generated radiolystic species, and the energy and the direction of the secondary electrons. This code uses recently revisited ionization and excitation cross sections, which takes the effective charge of the ion and relativistic corrections into account (33) . Similarly, the produced electrons are followed by the electron transport part of the code, which also simulates the ionization, electronic excitation, elastic collisions and dissociative attachment events. RITRACKS has been validated by the calculations of dosimetric relevant quantities such as the stopping power and electron penetration range. For example, the radial dose distributions of ions calculated from RITRACKS are able to reproduce successfully experimental data and calculation from amorphous tracks (33) . The dose deposited by the radiation can be calculated in microvolumes and nanovolumes (35, 36) . In this study, to reproduce the effect of X rays, we used in the simulation protons with average LET value of ;6 keV/lm.
Statistical Analysis
The data presented are representative of at least 3 separate experiments, and we used Poisson statistics to calculate the standard errors associated with the percentage of micronucleated cells in the total number of binucleated cells. Comparisons between treatment groups and respective controls were performed using Pearson's v 2 test. A P value of 0.05 between groups was considered significant.
RESULTS
The objective of this study was to investigate whether GJIC mediates the induction of MN formation (a reflection of DNA double-strand breaks) in bystander cells after exposure of other cells in the culture to low-LET radiation or high-LET radiation using X-ray or heavy-ion microbeams, respectively. To this end, we exposed to radiation confluent, density-inhibited human skin fibroblasts that functionally communicate with one another through gap junctions. The cultures were exposed to graded doses from monochromatic 5.35 keV X rays (LET ;6 keV/lm), 18.3 MeV/u carbon ions (LET ;103 keV/lm), 13 MeV/u neon ions (LET ;380 keV/lm) or 11.5 MeV/u argon ions (LET ;1,260 keV/lm), by which only 0.036-0.144% of cells in the populations were directly traversed by an IR track. Four hours of incubation at 378C allowed communication between irradiated and nonirradiated cells, which likely included junctional and nonjunctional modes of communication. The cells were then subcultured and assayed for MN formation. The results showed that micronucleus formation was dose-dependent with any of the radiation sources and was greater than expected based on the fraction of cells irradiated (Fig. 2) . As can be seen in Fig. 2 , high-LET heavy-ion microbeams were more effective than low-LET X-ray microbeam in the induction of DNA damage in bystander cells. Interestingly, the dose-dependent increase in MN formation induced by low-LET X rays ( Fig. 2A) was similar to that induced by high-LET carbon ions at doses between 0.1 and 0.4 Gy, implying similar magnitude of bystander effects (Fig. 2B) . However, it should be noted that the culture medium was removed from the microbeam dishes during irradiation with heavy-ion microbeams. This is in contrast to the irradiation procedure with low-LET Xray microbeams. Therefore, the potential contribution of medium-mediated bystander signaling during the irradiation was not adequately accounted for in high-LET-radiation microbeam exposures.
Next, we investigated whether the transfer of medium from X-irradiated culture to nonirradiated cells also caused MN formation in the bystander cells. The data in Fig. 3 show the level of MN formation in bystander cells incubated for 4 h in conditioned medium harvested 4 h post-exposure of targeted cells to 0.4 Gy. Compared with the corresponding sham-irradiated controls, the fraction of bystander cells harboring micronuclei increased by ;60% (P , 0.05) when bystander cell populations were cultured with conditioned medium from irradiated cells. Importantly, this suggests that the X-irradiated cells secreted clastogenic molecules into the culture medium, and this medium was capable of inducing a DNA damage response in nonirradiated bystander cells (12) (13) (14) 37) . Taken together our results show that secreted factors play a critical role in inducing stressful bystander effect during confluent holding. Consequently, it is necessary to consider the potential influence of medium transfers in cell cultures exposed to high-LETradiation microbeams, as this may compound the effect observed in Fig. 2 where the role of secreted factors may have been missed due to replacement of the medium with fresh medium immediately after irradiation.
Previous reports have demonstrated that GJIC mediates the propagation of stressful effects in bystander cells exposed to high-LET radiation by which only 1-2% of cell in the population is traversed by an IR track (21, 23) . Here, we further pursue these earlier findings and investigate the role of GJIC between irradiated cells and bystander cells in modulating bystander MN formation after exposure to low-LET radiation or high-LET radiation. We hypothesized that GJIC contributes to the propagation of stressful effects between irradiated cells and bystander cells during confluent holding in manner dependent on radiation quality. To test this hypothesis, we exposed confluent cells to low-or high-LET-radiation microbeams, in the presence of the gap junction inhibitor AGA. The cells were then held in confluence at 378C for 4 h in the incubator prior to subculturing. The data in Fig. 2B and D show a significant (P , 0.05 and P , 0.0005) decrease in the MN formation in bystander cells incubated with AGA following exposure to high-LET radiation. Interestingly, significant attenuation of MN formation occurred in bystander cells at all doses of MICROBEAMS AND BYSTANDER STUDIES high-LET neon ions and argon ions delivered to targeted cells, but not when the targeted cells were exposed to high-LET carbon ions (Fig. 2B-D) . In contrast, incubation of the cells with AGA did not significantly affect the induction of DNA damage in bystander cells during confluent holding after low-LET X irradiation ( Fig. 2A) . Taken together, these data indicate that the stressful effect in bystander cells exposed to high-LET radiation but not low-LET radiation is amplified mainly by GJIC.
It is well established that energy deposition by certain high-LET particulate radiation can be widespread and may extend a significant distance from the core of the primary IR track, which arise mainly by secondary radiation, particularly d rays (38, 39) . The ranges of d rays produced after high-LET radiation such as high energy and high atomic number (HZE) particles can extend up to several cell diameters (40, 41) . The cells traversed by d rays may therefore also experience biological change. Thus, we simulated the structure of the tracks resulting from exposure of biological matter to the radiation used in this study (X rays or energetic carbon, neon or argon ions) by using the RITRACKS software taking account of the low-LET d rays. As shown in Fig. 4 and Table 2 , a primary track of high-LET radiation is densely ionizing and generates extensive d rays with a significant range. The data in Fig. 5 represent the radial dose distributions for high-LET radiation (carbon, neon and argon). As expected, a decrease in absorbed dose correlate with increase in radial distance from the core of the track of the primary ion.
DISCUSSION
We tested the hypothesis that the propagation of stressful effects from irradiated normal mammalian cells to bystander cells greatly depend on intercellular communication and occurs in a manner dependent on radiation quality and dose. Confluent normal human fibroblasts were exposed to X-ray or heavy-ion microbeams using the 256 (16 3 16) crossstrip method (Fig. 1) , in which the nucleus and/or cytoplasm of cells could be targeted and irradiated. Typically, the area of microbeam dish is 1.017 3 10 9 lm 2 , containing an . Based on these facts, the percentage of irradiated cells for 256 cross-strip method is ;0.036%. However, if the single traversal hit the edge of cytoplasm of a cell, the maximum number of cells in the exposure area would be 4 cells. Thus, the percentage of the irradiated cells in this case is ;0.144%. As a result, the percentage of irradiated cells among the whole cell populations is 0.036-0.144%. In addition, the beam interval (1 mm) is much larger than the size of cells (Fig. 1B) . This indicates that a single cell does not receive any multiple hits in our method. Moreover, in our experimental condition, about 720,000 cells were plated and irradiated. Of these cells, about 30,000 cells were replated for the MN assay whereby at least 500-1,000 binucleated cells were scored. This means that the scored cells represented ;0.07-0.14% of the initially exposed cell population. Our results showed that the percentage of MN formation was ;1.5-9% in the absence of the GJIC inhibitor AGA and ;1-4.5% in the presence of AGA compared with ;1% of MN in control cells (Fig. 2) . If MN formation can occur only in directly irradiated cells, then the percentage of MN formation could never go above 3.85%, assuming no bystander effects. However, our data gave results beyond our expectation. This is clear evidence that the induction of DNA damage in bystander cells occurs in cell populations in which 0.036-0.144% of total cells are targeted by primary irradiation from low-or high-LET radiation microbeams.
Here we show that the magnitude of bystander responses was dependent on the LET and dose of radiation (Fig. 2) . These results fit well with the recent studies of refs. (42, 43) , which demonstrated LET dependence of stressful bystander effects evaluated by the endpoint of MN formation.
Notably, the progeny of bystander cells that were cocultured with cells irradiated with high-LET iron, but not low-LET protons, and allowed to grow for 20 generations showed a decrease in cloning efficiency, an increase in MN formation and higher levels of oxidative stress (44) , and were more prone to neoplastic transformation than respective controls (45) . Therefore, strong evidence indicates short-and long-term effects in bystander cells depend on radiation quality (1-17, 19-25, 42-47) .
The results described here contrast with the published data of Sowa et al. (18) showing that there was no statistically significant evidence of a medium transfer bystander effect after exposure to low-LET c rays but there was a significant medium transfer bystander effect after exposure to high-LET a particles. This apparent variability in the effect may arise from a wide variety of factors, including cell phenotype, radiation quality, ion species, dose range, dose rate, experimental protocols, timing and endpoints (11, 20, 23) . Whereas certain factor(s) in the growth medium may inhibit the production of the bystander response (20) , the density of cell cultures may enhance a bystander response mediated by secreted factors being released into the culture medium after irradiation (3, 12) . In our studies, a medium transfer bystander effect was observed after exposure to low-LET X rays (Fig. 3) as highlighted by the induction of MN formation. These results show that a moderate dose of low-LET X rays (LET ;6 keV/um) may producing a bystander stress response mediated through indirect mode of intercellular communication. In this context, bystander effects induced by high-LET microbeams may be greater than we had previously thought which, may translate in greater health risks (47, 48) .
The mechanism(s) of bystander effects are likely to be complex and involve multiple pathways (4, 20, 49, 50) . There appear to be at least two different mechanisms by which bystander effects are propagated. In confluent cultures, GJIC may be a critical mediator of the bystander response in cell populations exposed to microbeams (19) (20) (21) (22) (23) (24) (25) . The stressful effects in cells exposed to high-LET radiation are amplified mainly by GJIC (Fig. 2) perhaps through the spread of toxic molecules from irradiated cells (24, 25) . In contrast, under low-LET irradiation conditions (Figs. 2 and 3 ), secretion of a cytotoxic factor (e.g., longlived oxidizing molecules, cytokines) may be involved (4, 17, 20, (44) (45) (46) (47) . In particular, pathways that perturb oxidative metabolism are likely to be important in both mechanisms (4, 20, 39, 49, 50) . The propagation of toxic molecules from irradiated cells to bystander cells may overwhelm DNA-repair activities and perturb oxidative metabolism, which would increase the level of spontaneous DNA damage (37) . In contrast, inhibition of GJIC by AGA prevents the propagation of damaging signals to bystander cells, thus allowing their protective mechanisms to deal solely with damage due to spontaneous oxidative stress (44) . The differential effects observed in cells exposed to low-or high-LET microbeam irradiation suggest that MICROBEAMS AND BYSTANDER STUDIES molecules with different effects or different amounts of the same molecules may be propagated under these irradiation conditions (Fig. 2) . Additional investigation is required to elucidate the nature of bystander signaling molecules transmitted by irradiation by gap junctions that promote the biological effects in bystander cells, and the findings of such investigation may help to explain this hypothesis.
The Monte Carlo simulation studies in Fig. 4 reflect the complexity of high-LET microbeam irradiation (Fig. 4 and Table 2 ), which results in significant dose deposited due to low-LET d rays with range from ;3.5-15 lm (LET;0.8-1.1 keV/lm). These d rays can potentially irradiate and produce biochemical changes in nearby NB1RGB cells (diameter of ;13.5 lm) (41) . Therefore, the cells exposed to low-LET d rays may experience up-regulation of protective rather than damaging effects, and could attenuate the damaging effects propagated from cells traversed by primary energetic neon or argon particles (41) . Conversely, truly bystander cells in the exposed population may also transmit rescuing signals to the irradiated cells (51, 52) . Therefore, the overall response of the cell population depends not only on the pattern of energy deposition (53) , but also on the extensive network of intercellular communication between targeted and nontargeted cells.
In conclusion, by using microbeam irradiation, this study extends the established role of GJIC in the propagation of stressful effects between irradiated and bystander cells, and shows the importance of radiation quality, radiation dose and track structure on these effects. Based on the observations in this study, it is reasonable to suggest that GJIC and/or soluble factors-mediated processes contribute to the bystander response in human skin fibroblasts exposed to low-or high-LET radiation during confluent holding. The results clearly show the usefulness of microbeam irradiation in understanding the modes of intercellular communication that mediate low-and high-LET-induced bystander effects. Understanding the mechanisms underlying these effects is relevant to cancer therapy with energetic heavy ions and to radiation protection, especially during prolonged space travel.
